LiMn 2 O 4 cathodes of Li ion batteries tend to develop native surface films in carbonate-based electrolytes. By combining dc voltammetry and ac electrochemical impedance spectroscopy, we study how these films react with an electrolyte of LiBF 4 in ethylene and diethyl carbonates. We demonstrate that such reactions can affect the measurement of the characteristic electrochemical parameters of the cathode, namely, the intercalation capacitance, the initial capacity loss, and the solid-state diffusion coefficient of Li + . A generalized framework for data analysis, based on the considerations of electrode equivalent circuits, is used to combine the results of the dc and ac measurements. The Li + conducting film on the cathode introduces an ohmic drop at the electrode surface. Oxidative dissolution of the electrode's native surface film occurs during the first charge cycle. The cathode plays a major role in dictating the capacity, operational voltage, charge-discharge rates, and energy density of a Li ion battery. 4 The electrochemical performance of the cathode is measured in terms of its charge capacity, rate capability, cyclability, and coulombic efficiency ͑CE͒, and all these parameters are closely related to the efficiency and the reversibility of Li + intercalation/deintercalation in the active material. The cathode's properties, however, can also be affected by its chemical and electrochemical reactions with the surrounding electrolyte. These reactions often generate surface films on the cathode that can undergo further chemical and structural changes when the battery is charged-discharged. A complex interplay of these reactions with those of Li insertion/extraction then controls the cathode's functions. A similar type of surface film, commonly known as the "solid electrolyte interphase" ͑SEI͒, is associated with carbonaceous anodes of Li ion batteries, and these anode films have been extensively studied. [5] [6] [7] In comparison, the characteristic properties/effects of the cathode surface films ͑CSFs͒ have remained relatively underexplored. [8] [9] [10] [11] Our present work is aimed at understanding these electrochemical effects of CSFs by employing a prototypical experimental system.
Applications of rechargeable Li ion batteries have now expanded beyond the area of portable electronics 1 as their potential utilities have been recognized for other technologies such as hybrid electric vehicles 2 and solar energy storage. 3 The cathode plays a major role in dictating the capacity, operational voltage, charge-discharge rates, and energy density of a Li ion battery. 4 The electrochemical performance of the cathode is measured in terms of its charge capacity, rate capability, cyclability, and coulombic efficiency ͑CE͒, and all these parameters are closely related to the efficiency and the reversibility of Li + intercalation/deintercalation in the active material. The cathode's properties, however, can also be affected by its chemical and electrochemical reactions with the surrounding electrolyte. These reactions often generate surface films on the cathode that can undergo further chemical and structural changes when the battery is charged-discharged. A complex interplay of these reactions with those of Li insertion/extraction then controls the cathode's functions. A similar type of surface film, commonly known as the "solid electrolyte interphase" ͑SEI͒, is associated with carbonaceous anodes of Li ion batteries, and these anode films have been extensively studied. [5] [6] [7] In comparison, the characteristic properties/effects of the cathode surface films ͑CSFs͒ have remained relatively underexplored. [8] [9] [10] [11] Our present work is aimed at understanding these electrochemical effects of CSFs by employing a prototypical experimental system.
We combined the techniques of dc slow scan cyclic voltammetry ͑SSCV͒ and ac electrochemical impedance spectroscopy ͑EIS͒ to simultaneously probe the diffusion of Li + in a cathode and the reactions of its CSFs. As a model experimental system, we used a LiMn 2 O 4 ͓lithium manganese oxide ͑LMO͔͒ cathode with approximately 4-8 m diameter particles in an electrolyte of lithium tetrafluoroborate, dissolved in ͑1:1 by volume͒ ethylene carbonate ͑EC͒ and diethyl carbonate ͑DEC͒. We focused primarily on the detailed analytical aspects of coupling SSCV and EIS to probe the combined electrochemistry of CSFs and Li intercalation/ deintercalation rather than explore the material aspects of the cathode.
Following the approach of previous authors, 12 we used all commercially available materials to assemble the LMO cathode. This allows for demonstrating the characteristic features of the CSF reactions for a fairly simple system based on standard materials readily available for commercial applications. Due to its large energy density, high voltage, relatively low cost, and nontoxic nature, LMO has recently gained renewed attention. 13, 14 EC ͑SEI-forming agent͒ and DEC ͑melting point suppressor͒ are widely used in Li ion battery electrolytes. 15 The LiBF 4 salt is used for its good conductivity and thermal stability, [15] [16] [17] as well as for its capability of suppressing Mn 2+ dissolution from LMO. 16 The design and analysis of the present experiments are based on the considerations of an electrode equivalent circuit ͑EEC͒ model frequently used for Li ion battery systems. SSCV provides plots of intercalation capacitance, coulometric titration, and differential voltage-composition profiles of the LMO electrode. The EIS-measured impedance elements indicate how the CSF reactions affect these dc parameters. The faradaic currents of the CSF reactions are analyzed, and the possible origins of these reactions are discussed. The chemical diffusion coefficient ͑D ͒ of Li + , a signature element of lithium transport in LMO, is examined at different electrode potentials.
Theoretical Considerations
DC electrochemical response characteristics of the cathode film.-The EEC approach to modeling electrode-electrolyte interfaces is commonly practiced in the context of EIS but often has also been used with dc voltammetry. [18] [19] [20] [21] The voltage scan rates typically used in SSCV of Li-intercalation materials are considerably slower than the voltage alterations that occur at the lowest frequencies used for EIS of these systems. Consequently, the frequency-dependent response characteristics of the EEC emerge quite differently in these two techniques. To clarify this point further, we refer to the EECs in Fig. 1 that are based on the frequently reported circuit models of Li ion batteries. 9, [22] [23] [24] Circuits A and B describe the dc behavior of the electrode, as expected in SSCV and galvanostatic discharge measurements in the presence and absence of charge-transfer reactions of the CSF, respectively. The current direction shown in A and B is reversed under dc charging conditions. Because dc measurements are not adequate to determine the EEC configuration, ac EIS is necessary for this purpose, and circuit C is the ac version of B.
Figure 1A depicts a single-particle configuration of the cathode containing a CSF. R e is the electrolyte resistance; C f , R f0 , and C dl are the capacitance and ohmic resistance of the film and the doublelayer capacitance, respectively. The charge-transfer resistance R ct and the diffusion impedance 
͓1͔
The exact form of Z d is determined by the effective diffusion length ͑l͒ of Li + , that is, the average diameter of the active particle. 22, 26 Z d only supports the perturbation currents of EIS at ac frequencies. Because Z d ϰ −1/2 ͑ being the ac perturbation frequency͒, Z d becomes infinitely large ͑dc blocking͒ in the zero-frequency regime of dc measurements. 25, 27 The electron ͑e − ͒ necessary to support Reac-tion 1 then flows through the intrinsic resistance, R LMO , of the active particle. 27 In the CSF, the ionic current is i Li f , and the double-layer current i dl f is due to the charge separation across the film. The corresponding currents in the LMO unit of the EEC are denoted as i Li and i dl , respectively.
Published results suggest that during the initial charge-discharge cycles, the native CSF engages in faradaic reactions with the electrolyte. 11 These reactions can change the thickness/coverage of the CSF by dissolving the native layer or by depositing complexes on top of the initially existing film. In Fig. 1B , R r represents the net polarization resistance of these reactions, which carries the current i r generated by CSF-electrolyte interactions. The dc electrode potential E has the form
where E f and E int are potential drops across the CSF and LMO units in Fig. 1B , respectively; E f = i r R r = i Li f R f0 , and in the LMO unit
where i Li is governed by Fick's law, 28 i dl = C dl ͑dE int /dt͒, t denotes time, and R r = Ӎ͑di r /dE f ͒ −1 . If R e is small and if ͉i Li ͉ ӷ ͉i r ͉, then
͓4͔
The intercalation ͑deintercalation͒ capacitance of the cathode is C int = m͑dC/dE int ͒, where C and m are the charge capacity and mass of the active material, respectively. If we assume that 
Two obvious effects of the CSF can be noted from the above discussion: ͑i͒ The CSF introduces a potential drop, E f = i Li f R f0 , at the cathode-electrolyte interface, and this shifts the open-circuit potential ͑OCP͒ of the cell from its true value E int . ͑ii͒ In the presence of electrolyte reactions ͑i r 0͒, the evaluation of C int , C, and ͑dE/dx͒ requires separating i Li from the measured i ͑unless ͉i Li ͉ ӷ ͉i dl + i r ͉͒. Although the above discussion of the EECs involves a singleparticle configuration of the cathode, the same EECs have also been reported for full cathode films in both three-and two-electrode cells. 9, 11, [22] [23] [24] [25] Therefore, from phenomenological considerations, we assume that the EECs in Fig. 1 and Eq. 2-7 apply to full cathode films.
AC electrochemical response characteristics of the cathode film.-Z d is associated with the finite space Warburg ͑FSW͒ element. 25, 27 For relatively large ͑micrometer-sized͒ particles, however, the FSW often takes the form of the semi-infinite Warburg element ͑W͒, 29 where 
͓8͔
The CSFs and often their underlying cathode layers tend to be porous and spatially inhomogeneous. The high frequency perturbation voltages of EIS introduce frequency dispersion in some or all of the capacitive components of such systems. 30 For instance, in its frequency-dispersed form, C f appears as a constant phase element ͑CPE͒, with the impedance, Z CPE f = ͑1/Y 0 ͒͑ j͒ −n . Here, 0 Յ n Յ 1, and for n = 1, one has Y 0 ϵ C f . For n = 0, Y 0 represents a capacitance-like term, and at n = 0.5, the CPE behavior resembles that of W. 27 In Fig. 1C , C f is replaced by a CPE ͑Q f ͒ and Z d appears as Z W . EIS of Li ion battery systems is performed at the OCP, where i = 0 ͑dc͒, and only ac currents ͑denoted with a "tilde" in Fig. 1C͒ flow in the EEC. These currents are ac versions of those considered in Fig. 1B . The net film resistance R f represents a parallel combination of R f0 and R r
͓9͔
The reason for not including R LMO in Fig. 1C remain undetected in EIS as long as the R ct -W branch acted as a low impedance current shunt. The condition that would lead to this situation is
where B is a frequency-and voltage-dependent quantity. This condition is typically satisfied in EIS of Li-intercalation electrodes, and this is demonstrated later in the present report.
Experimental
The cathode samples were prepared following reported standard procedures. 24, 31, 32 In brief, 80 wt % of LMO powder ͑electrochemi-cal grade, grain sizes Ͻ10 m͒, 7 wt % of poly͑vinylidene fluoride͒ ͑PVDF͒ ͑both from Sigma Aldrich͒, and 13 wt % of acetylene ͑carbon͒ black ͑99.9% metal basis, from Alfa Aesar͒ were thoroughly mixed in N-methylpyrrolidone. The current collectors were fabricated by sputtering ϳ1 m thick Au on ceramic substrates using a Denton cold sputter coater. A thin film of the cathodecomposite paste was applied over the current collector using a doctor's blade and dried in a vacuum oven at 120°C for 24 h. Scanning electron microscope ͑SEM͒ images of freshly prepared and electrochemically treated samples ͑Յ15 m cathode thickness͒ were obtained with a JEOL-JSM-6300 machine. The 1 M LiBF 4 in the EC:DEC ͑1:1 by volume͒ electrolyte was prepared with reagent grade chemicals from Sigma Aldrich. LiBF 4 was dried in a vacuum oven at 100°C for 6 h before mixing in the electrolyte. The electrolyte was kept over activated 4 Å molecular sieves for at least 24 h before use.
Electrochemical measurements were performed in a dry Ar-filled glove box ͑Terra Universal͒, controlled with an automatic NitroWatch gas purging unit. The three-electrode cell, equipped with the LMO working electrode and Li-foil counter and reference electrodes, was controlled with either a PAR-VersaSTAT3 potentiostat/ galvanostat ͑to record the data in Fig. 3B͒ or a Solartron Analytical model 12528W electrochemical system. The electrodes were adequately soaked in the electrolyte before each data run. Fresh LMO cathodes were used for separate sets of measurements. Although the LMO samples were fabricated under identical conditions, the thicknesses of the different batches of the LMO sheets were slightly different. Therefore, to adequately compare the data for the different samples, the electrochemical parameters were normalized on the gravimetric scale.
EIS was performed at different OCPs using 12 mV ac perturbation voltages in the frequency range of 0.01 Hz to 10 kHz. To achieve the desired SOC for EIS data acquisition, the cathode was charged ͑or discharged͒ galvanostatically or by using SSCV. As long as the charge-discharge rates were kept to low values, the EIS data resulted in identical EECs regardless of the method employed to change the SOC. The recorded Nyquist plots were subjected to complex nonlinear least-squares ͑CNLS͒ fitting using ZsimpWin with trial EECs and focusing, in particular, on those shown in Fig. 1 .
Results and Discussion
Scanning electron micrographs for fresh and electrochemically treated cathode samples.-SEM images showing the general morphology of two different surface regions of a freshly prepared LMO cathode are presented in Fig. 2A and B. The average approximate spherical diameter of the LiMn 2 O 4 particles on the cathode was estimated from the SEM data to be Ͻ8 m. Figure 2C and D presents cross-sectional views of the cathode showing the underlying alumina substrate, the thin Au film ͑barely visible͒, and the LMO layer. Part of the LMO surface is also visible at the lower parts of panels C and D. The active layer was uniformly distributed over the current collector, and the average thickness of this layer ͑indi-cated by the lines bounding the LMO films in C and D͒ was estimated to be ϳ15 m. Figure 1E and F shows surface morphologies of a cathode sample subjected to three repeated cycles of electrochemical charge/discharge. The relatively dull, mossy surface regions ͑marked by white arrows͒ found in Fig. 1E and F indicate surface films developed on the LMO cathode. Figure 3 presents typical voltammograms for freshly prepared LMO cathodes recorded in three consecutive SSCV cycles at voltage scan rates of ͑A͒ 100 and ͑B͒ 10 V s −1 . The left and right y axes correspond to the electrode current and C int , respectively. This C int should strictly be considered as an "apparent" intercalation capacitance because it is calculated using the approximate form of Eq. 5. The active material masses ͑m 0 ͒ of the cathode samples are indicated in the figure. A pair of anodic current peaks at around 4.0 and 4.1 V ͑P 1a and P 2a ͒ are accompanied by the corresponding peaks, P 1c and P 2c , in the negative voltage scan. These features of LMO charge-discharge have been extensively discussed and are associated with the widely known two-step intercalation/deintercalation of Li + in LMO. 33, 34 At lower voltages ͑x Ͻ 0.5͒, insertion/extraction of Li occurs in a single cubic phase of LMO; at higher voltages ͑0.5 Ͻ x Ͻ 1͒, the LMO host consists of a two-phase structure. The current peaks at 4.0 and 4.1 V correspond to these effects. The fact that these two current peaks are clearly resolved in Fig. 2 implies that at both the scan speeds ͑v͒ used here, the Li-intercalation zone adequately spreads through the entire depth of the porous cathode film. 35 In Fig. 3 , the currents at and near P 1a in the first charge ͑positive͒ scan are considerably larger than those recorded in successive charge and discharge scans. The voltammograms are almost identical between the second and third SSCV cycles. This type of irreversible behavior of the first-cycle SSCV current can also be found in data in Fig. 3B reveals that the anodic current observed in the first charge cycle is not directly related to P 1a and that this current actually rises to its maximum ͑which we refer to as an anodic reaction peak, P ra ͒ at 3.95 V, slightly cathodic of P 1a . This difference between P ra and P 1a is not properly resolved at the faster scan in Fig.  3A . The faradaic current of P ra can be associated with i r discussed in the context of Fig. 1B .
Electrode current and intercalation capacitance from SSCV.-
The predominant native CSF forms chemically ͑rather than electrochemically͒ on LMO in EC/DEC. 15, 37 Therefore, i r should be linked to the subsequent electrochemical oxidation of the native CSF or to the anodic electrodeposition of surface complexes on the CSF. The complexes that are likely to coexist together in this CSF of LMO include ͑i͒ Li 2 CO 3 formed from atmospheric CO 2 
͓12͔
The Li + generated in this reaction would move into the solution, and e − would flow toward the current collector ͑through R r , followed by R LMO in Fig. 1B͒ , generating the observed anodic current i r . An oxidation reaction similar to Eq. 12 has been previously proposed to explain similar anodic currents on LMO in a LiPF 6 /dimethyl carbonate electrolyte.
11
Upon the oxidative faradaic dissolution of its overlying CH 2 CH 2 OCO 2 Li, the uncovered surface regions of the cathode may contain a mixture of LMO and -MnO 2 left from Reaction 11. If the local concentration profile of the solution in these regions is not favorable for supporting Reaction 11, then the supply of CH 2 CH 2 OCO 2 Li necessary to continue the subsequent Reaction 12 would decline. Reaction 12 would then be largely irreversible after the first oxidation cycle, and the observed behavior of the peak P ra in Fig. 2 is consistent with this scenario. Figure 4A and B shows C vs E plots of LMO obtained by applying Eq. 6 to the SSCV data of Fig. 3B and A, respectively. The voltage axis is placed on the abscissa because E is the independent variable in SSCV. The horizontal lines in A and B denote the maximum theoretical charge capacity of LMO ͑C th = 148 mAh g −1 ͒. At both values of v used, the capacity in the first charge cycle noticeably exceeds the theoretical limit, reaching up to about 122% of C th . Results very similar to these were reported previously by Striebel et al., 34 where charge capacities measured with SSCV were as large as 103% and 123-132% of the theoretically allowed maximum values for undoped and Ni-doped LMO, respectively. The unusually high first charge capacity observed in Fig. 4 arises as an artifact due to the faradaic current i r of CSF dissolution.
Coulometric titration and characteristic features of the intercalation/deintercalation current peaks.-
To elaborate on the last point, it is necessary to briefly check the other possible sources of this initial capacity loss. The commonly known factors responsible for generating irreversible components of i Li include lattice distortion and dissolution of Mn 2+ from LMO. 16, 33, [42] [43] [44] However, any significant Mn 2+ dissolution, as described in the Hunter mechanism, is only expected in acidic media that often are found in LiPF 6 -based electrolytes containing traces of H 2 O impurity. 16 Due to their nonfaradaic origin, these reactions should not directly affect the faradaic currents of the cathode. Moreover, in LiBF 4 -based electrolytes, Mn 2+ dissolution is largely suppressed 45 and should not just occur in the first charge cycle alone. Therefore, the relatively large oxidation current observed here in the first charge cycle of LMO should be linked to electrolyte interactions with the CSF, and Eq. 12 is a likely reaction in this category. The unusually high charges ͑apparent capacity͒ observed The left and right ordinates represent the gravimetric current i and the intercalation capacitance C int , respectively. The mass densities ͑m 0 ͒ of the active material can be used to evaluate i and C int in areanormalized units. P 1a and P 2a ͑or P 1c and P 2c ͒ are the anodic ͑or cathodic͒ current peaks due to deintercalation ͑or intercalation͒ of Li + in the cathode. The current feature P ra ͑largely masked by P 1a ͒ is associated with oxidative reaction of the CSF. in the first charge cycle at the 10 V s −1 voltage scan suggest that this reaction results in a higher cumulative faradaic charge as the voltage scan rates are reduced.
The faradaic charges ͑q 1 and q 2 ͒ associated with the two main pairs of current peaks ͑P 1a and P 1c ͒ and ͑P 2a and P 2c ͒ were obtained by integrating these peaks on the time axis. The contributions of the poorly resolved peak P ra were not separated from q 1 in this calculation. The charge ratios ͑q 1 /q 2 ͒ obtained from the SSCV data of Fig. 3A and B are presented in Fig. 5A and B, respectively. As expected, in view of the above discussion, the values of ͑q 1 /q 2 ͒ are largest in the first charge scan. Figure 5C and D shows the CEs for the three cycles considered in Fig. 4B and A, respectively. Because the anodic charge of the CSF reactions is not excluded in this evaluation, the calculated CEs for the first cycle come out with deceptively small values.
The concentration gradients of Li + ions are generated within the LMO particle during intercalation and deintercalation. 46 The directions of these gradients are mutually opposite for the charge and discharge steps. Consequently, in Fig. 3 , the cathodic current peaks P 1c and P 2c are shifted toward negative voltages with respect to their corresponding anodic current peaks P 1a and P 2a . The amounts of these shifts ͓⌬E͑ P 1 ͒ and ⌬E͑ P 2 ͒ for peaks 1 and 2, respectively͔ are determined by three velocity terms, v, v ct , and v diff . Here, v ct and v diff are the rates of interfacial charge transfer and diffusion of Li in LMO, respectively. In the absence of the CSF, v ct = k ͱ C l and v diff = ͑2D /l͒; k is a charge-transfer rate constant and C l is the concentration of Li + in the electrolyte. 46 The peak shifts become small and independent of v when v ct ӷ v diff , and above a certain value of v, the amounts of these voltage shifts increase with increasing scan rates. To test for these effects in the present case, we determine the voltage shifts: ⌬E͑ P 1 ͒ = ͓E͑ P 1a ͒ − E͑ P 1c ͔͒ and ⌬E͑ P 2 ͒ = ͓E͑ P 2a ͒ − E͑ P 2c ͔͒, where E͑ P 1a ͒, E͑ P 2a ͒, E͑ P 1c ͒, and E͑ P 2c ͒ are the voltages corresponding to the current peaks P 1a , P 2a , P 1c , and P 2c in Fig. 3 , respectively. The results are shown in Fig. 5E and F for v = 100 and 10 V s −1 , respectively. Only the second and third SSCV cycles are considered here because the anodic current in the first cycle is affected by CSF reactions. The voltage shifts change weakly from their respective values between cycles 2 and 3, but both ⌬E͑ P 1 ͒ and ⌬E͑ P 2 ͒ increase at faster scans, following the trend of earlier calculated results. 46 Because Li + transport in the CSF is governed primarily by migration and not by diffusion, the aforementioned effects of v on ⌬E͑ P 1 ͒ and ⌬E͑ P 2 ͒ are maintained to a large extent for the CSF-LMO system.
The effects of v on the values of i p can be grouped in three regions of v. [46] [47] [48] In the first ͑large v͒ region, where the system deviates from the Nernstian behavior, the peak currents vary according to v 1/2 due to the strong effects of diffusion-limited mass transfer. 26, 47 The second regime corresponds to lower scan speeds, where the peak currents are proportional to v, resembling the attribute of simple sorption reactions. 49 The intercalation characteristics of the Li host in this second case have been satisfactorily described in terms of the Frumkin isotherm, 47 which is indicative of the strong reversible characteristics of the cathode. 48 A third case is expected at very slow scans where i p becomes independent of variations in v. 49 This last case may be found under the Nernstian conditions of electrochemical voltage spectroscopy, 50 and the corresponding situation for SSCV could be achieved for v Ӷ ͑RT/F͒ ϫ͑D /l 2 ͒; R and T are the gas constant and the ambient temperature, respectively.
The upper limit of v necessary to establish the Nernstian criteria is determined by the particle size ͑l͒ of the active material. Depending on the value of l and other detailed experimental conditions, the current peaks at certain scan speeds of SSCV could exhibit a general power-law dependence in the form i p ϰ v ␣ , with ␣ typically varying between 0.4 and 0.8. 46 An accurate determination of ␣ requires SSCV measurements at multiple voltage scan rates. Nevertheless, for a simple estimate of this parameter, here we use the four current peaks observed in Fig. 3 . The values of ␣ obtained within the limitations of our measurement are presented in Fig. 5G . Because the first SSCV cycle was affected by electrolyte reactions, the corresponding data have not been included in this analysis. The observed values of ␣ in Fig. 5D are close to, but not exactly equal to, 1; this suggests that at least for the two scan speeds used here for SSCV, the experimental system is not strictly Nernstian.
The ͑dE/dx͒ parameters for the intercalation voltage region, obtained by applying Eq. 7 to the voltammograms of Fig. 3 , are shown in Fig. 6 . The features seen in the 4.0-4.2 V range are associated with the two-step intercalation mechanism of Li in LMO and are comparable to those reported by previous authors for commercial LMO. 12 The slight differences observed between the two scan rates used here can be related to different degrees of deviation from the ideal Nernstian behavior of the system at different values of v. At a given scan rate, ͑dE/dx͒ is measurably different between cycles 1 and 2 ͑although the main voltage-dependent features of the plots are largely preserved͒; the CSF reactions are the main likely contributors to this effect.
Faradaic current and polarization resistance of CSF reactions.-Based on the above discussion of Fig. 4 and 5, the current i r of CSF dissolution is estimated as i r Ϸ ͓i a ͑cycle 1͒ − i a ͑cycle 2͔͒, with i a denoting anodic currents recorded during cathode charging. By applying this formula to the plots of Fig. 3A and B, we obtain the i r vs E plots ͑a͒ and ͑b͒ in Fig. 7A , respectively. The peak P ra of i r and the voltage corresponding to the CSF reactions ͑i r 0͒ can clearly be identified ͑3.90-4.15 V͒. The peak of i r appears to have two mutually superimposed current features, and the main current profiles of ͑a͒ and ͑b͒ are somewhat shifted with respect to each other. Such a situation can arise if the originating reaction 12 of i r occurs at two different predominant types of Figure 5 . ͓͑A͒ and ͑B͔͒ Cycle-dependent ratios of the faradaic charges, q 1 and q 2 , obtained by time integration of the areas under the current peaks P 1 and P 2 of Fig. 3A and B, respectively. ͓͑C͒ and ͑D͔͒ CEs of discharge vs charge for three initial cycles of the LMO cathodes studied in Fig. 3A and B, respectively. ͓͑E͒ and ͑F͔͒ Shifts ⌬E between the voltage positions of each pair of anodic and cathodic current peaks observed ͑for cycles 2 and 3͒ in Fig. 3A and B, respectively. ͑G͒ The exponent ␣ that defines the power-law dependence of the current peaks ͑P 1a , P 2a , P 1c , and P 2c ͒ on v.
surface sites. These different sites may contain different amounts or types of neighboring/underlying surface complexes such as LiF, Li 2 O, and Li 2 CO 3 . A close examination of i r in Fig. 7 indicates that its peaks depend on the value of v according to ϳv 0.8 . Because this power is close to 1, i r should be a kinetically controlled sorption reaction, 49, 51 and Eq. 12 can fit in this description. The cumulative amounts of materials removed from ͑or deposited on͒ the native CSF should be proportional to the charge q r , evaluated by integrating i r on the time axis. Plots ͑a͒ and ͑b͒ in Fig.  7B show this faradaic charge, obtained from the corresponding graphs in Fig. 7A . These q r plots exhibit the familiar profile of Langmuir-like sorption isotherms, 51 which would be consistent with the expected behavior of Reaction 12 proposed here as a primary source of i r . The CSF has a maximum surface coverage in the beginning of the positive voltage scan where q r Ϸ 0. The faradaic dissolution of the CSF starts at around 3.90 V, where q r increases. As expected in terms of Langmuir-like desorption, the rate of CSF dissolution drops with increasing amounts of material removed, causing i r to drop at higher voltages after reaching a peak value. The cumulative values of q r measured at v = 10 V s −1 are slightly larger than q r for v = 100 V s −1 . This implies that somewhat larger amounts of materials, possibly from the interior regions of the porous film, were electrodissolved at the slower voltage scan.
Graphs ͑a͒ and ͑b͒ in Fig. 7C show R r , obtained by applying Eq. 4 to the corresponding plots in Fig. 7A . A weakly decreasing tendency of R r can be noticed between 3.95 and 4.10 V, where the corresponding i r increases. This also is an expected behavior of polarization resistances for Langmuir-type sorption steps. 51 In the context of Eq. 12, the electrodissolution of the CSF competes with the slower deposition of chemical complexes on the film. Thus, the chemical makeup of the top layer of the CSF during electrochemical cycling could be governed by several mutually competing chemical deposition and electrochemical dissolution steps. Under these conditions, at slower scans, the exchange current density of i r could decrease with increasing amounts or different types of coadsorbing species. 52 Because R r is inversely proportional to this exchange current, such an effect might be linked to the lower values of R r measured at the lower value of v in Fig. 7C .
Voltage-dependent impedance spectra corresponding to different states of charge and discharge of the cathode film.-Elucidatory
Nyquist plots obtained at different equilibrium voltages during two successive cycles of charge and discharge are shown with the symbols in Fig. 8 . ZЈ and ZЉ are the real and imaginary parts of the net electrode impedance Z, respectively. The insets show the detailed features of the low impedance ͑high frequency͒ regions of these plots, where relatively fast kinetics of CSF reactions prevail. In the CNLS analysis of the EIS data, it was possible to fit all the recorded spectra to the EEC shown in Fig. 1C with Q dl = C dl . The solid lines through the symbols represent these calculated fits. The uncertainties in the calculated parameters were Ͻ5%. The Nyquist plots in Fig. 8 are similar to those previously reported for LMO-based systems. 24 Both ZЈ and ZЉ within the Li + intercalation region ͑Fig. 8C and D͒ were nearly an order of magnitude less than their corresponding values ͑Fig. 8A and B͒ recorded at lower voltages. The lowering of the net impedance in the intercalation region is due to the increased ĩ Li between 3.9 and 4.2 V. Therefore, the drastic drop in the overall impedance of the system in the intercalation region demonstrates that the net current flowing through the EEC in this region is dominated by ĩ Li in EIS ͑and hence by i Li in dc measurements͒. Based on these observations, one can infer that after the first charge cycle, when i r becomes negligible, Eq. 5-7 ͑which assumes i Ϸ i Li ͒ is justified at the intercalation/deintercalation voltages. The overall voltage dependence of the interfacial impedance appears to be controlled primarily by the slow step of Li diffusion in the cathode, while the CSF reactions only affect the detailed features of the high frequency spectra. This is expected if the migration of Li + in the CSF is not significantly affected by variations in the film's thickness/surface coverage due to voltage-and cycle-dependent electrolyte reactions. Thus, at a given voltage, the Nyquist plots recorded during the charge and discharge cycles are similar. The plots at a specific voltage also are comparable between the first-and second-cycle stages of the LMO sample.
Considerations of the intercalation capacitance in EIS.-
The intercalation capacitance C int could be placed on the right side in series with the EEC in Fig. 1C , and such a combination has indeed been found in some earlier EIS experiments. 53, 54 In several publications reporting the EEC of Fig. 1C , however, C int is not included, and this is also the case in our present work. This implies that the EIS-based measurement of C int depends on the frequency range of the ac perturbation. If C int is serially connected to the right of this EEC, the presence of C int would not be brought out in EIS as long as ZЉ ӷ ͑C int ͒ −1 . If very low frequencies are used for EIS ͓to reverse the above inequality between ͑C int ͒ −1 and ZЉ͔, then one should obtain C int ͑ → 0͒ = ͑ZЉ͒ −1 . To examine the role of C int in the EIS data recorded here, in Fig. 9 we compare ͑C int ͒ −1 ͓plots ͑b͒ and ͑c͒ calculated in our experimental frequency range by using C int from Fig. 3A and B, respectively͔ with ZЉ ͓plot ͑a͒ directly measured by EIS͔. Only the second charge data of C int are used for this comparison because the first charge cycle data are affected by i r . In all the cases considered in Fig. 9 , the condition ZЉ ӷ ͑C int ͒ −1 is met throughout the entire experimental spectrum of , which keeps C int beyond the detection limit of EIS reported here. Figure 10 shows the CNLS-analyzed impedance parameters for the first two charge and discharge cycles of the LMO cathode. The symbols represent experimental data, and the lines show the overall trends of the data. R e was essentially voltage independent ͑with an average value of 30 ⍀ cm 2 ϵ 32 m⍀ g͒ and has been excluded from this figure. This value of R e is at least an order of magnitude smaller than the measured ZЈ at all voltages in Fig. 8 and thereby justifies the approximate Eq. 4. The E-dependent conductance ͑1/R f ͒ of the CSF is shown in Fig. 10A . At 3.2-3.7 V, the EEC of Fig. 1C yields an open branch in place of R f , implying that R f is too large in comparison with the CPE impedance of the surface film in this region. ͑1/R f ͒ increases between 3.8 and 4.0 V and decreases with further voltage increments. ͑1/R f ͒ in this region is at least an order of magnitude larger than ͑1/R r ͒ estimated from Fig. 7C ͑typically 0.1-1.0 ⍀ −1 g −1 ͒. This implies, according to Eq. 9, that the measured R f is dominated by R f0 . The voltage dependence of ͑1/R f ͒ in Fig. 10 is largely reversible with respect to repeated cycling, as well as be- tween the charge and discharge sequences. Moreover, the voltage window corresponding to the variations of ͑1/R f ͒ in Fig. 10 essentially matches with that of Li + intercalation/deintercalation. The latter process possibly induces certain chemical dissolution reactions in the surface film and affects R f0 . During the intercalation ͑deinterca-lation͒ of Li + in the cathode, i Li drastically increases. This can set up a strong concentration gradient of Li + at the cathode-CSF interface, and certain Li-containing surface complexes of the CSF may break down by generating anions such as ͑CO 3 ͒ 2− and ͑CH 2 OCO 2 − ͒ 2 . The chemical dissolution of the CSF that occurs in such a route would be coupled to the variations in i Li in a reversible manner, and the observed behavior of R f0 in Fig. 10 fits this description.
Voltage-dependent impedance parameters.-
The voltage profile of Y 0 in Fig. 10B is reversible with respect to cycling as well as charge-discharge. If this Y 0 had a common root with R f , then the term ͑R f Y 0 ͒ 1/n would represent a surface-site averaged time constant for the CSF's ac response. 55 In such a case, the voltage dependencies of R f and Y 0 would be strongly correlated with mutually opposite variations. 56 However, any such coupling between the variations in Y 0 and R f is not obvious in Fig. 10B . The observed voltage profile of Y 0 resembles those typically found for ion adsorption on solid electrodes. 51 Based on these observations, it seems that Y 0 contains a parallel combination of ͑at least͒ two CPE elements, one for the surface film and another one representing a frequency-dispersed pseudocapacitance for nonfaradaic adsorption of charged species. If the effective Y 0 of this combination is dominated by the CPE for the ͑reversible and nonfaradaic͒ anion adsorption, one should expect a graph as seen in Fig. 10B . 51 For CPEs associated with porous layers supporting ion migration, often 0 Յ n Յ 0.5, 56, 57 and the values of n plotted in Fig. 8C correspond to such a case. Adsorption of ions on the CSF likely involves more than one type of adsorbate species ͑for example, ͓CO 3 ͔ 2− and BF 4 − in the solution used͒. Therefore, if more anionic species are deposited on the CSF, with increasing values of E, the electrode-electrolyte interface should become progressively more inhomogeneous due to different types of adsorbates. Lower values of n can be linked to larger degrees of surface roughness/ inhomogeneity. 56 Some of this surface inhomogeneity originates from the carbon and PVDF contained in the cathode composite and complicates the voltage dependence of n. If these additive effects are small and if ionic adsorption interferes with the evolution of surface morphologies, n would decrease with increasing anion coverage, following the opposite voltage dependence of Y 0f . The behavior of n in Fig. 10C would fall in this category, and the strong correlation between the voltage dependencies of Y 0 and n ͑in mutually opposing directions͒ is consistent with such a mechanism.
In the absence of the CSF, the charge-transfer reaction of Eq. 1 would occur at the LMO-electrolyte interface where R ct only would depend on the electrolyte and LMO properties. 58 In the presence of the CSF, Li + has to migrate through the surface film before the charge-transfer step occurs, and in this case, the behavior of R ct becomes much more complex. The results for R ct in Fig. 10D are different from those previously reported for CSF-free LMO 59 but are comparable to those reported for a CSF-covered LMO. 60 R ct is negligible between 3.2 and 3.6 V and sharply increases at around 3.8 V, where the first stage of two-step Li intercalation/deintercalation in LMO is initiated. Subsequently, R ct drops to a lower level. Essentially the same behavior of R ct was found in Fig. 10 of Ref. 60 . The value of R ct depends on the activity of Li + in the host material, 58 and sample-specific microstructures of the host material can control the strength of this effect. 61, 62 While additional studies are necessary to determine the exact origin of the observed voltage dependency of R ct , this effect could tentatively be associated with changes in the activity of Li + . The activity of Li + likely changes at a high rate during the first step of Li insertion, causing the observed reversible voltage dependence of R ct .
The order of magnitude of C dl observed in Fig. 10E is similar to that previously reported for LMO in a LiBF 4 -based electrolyte. 25 However, the voltage dependence of C dl is complicated by the presence of the carbon additives in the LMO cathode. Therefore, without performing additional comparative experiments with electrodes of different carbon contents, it is difficult to identify the exact origin of the observed voltage dependency of C dl . The diffusion parameter is necessary to evaluate D , and to do this, must be expressed in its surface-area-normalized ͑rather than gravimetric͒ unit. For EISbased measurements, the relevant area for this analysis is that of the reactive electrode surface, 29, 57 which, due to the roughness and porosity of the latter, is different from the corresponding geometric ͑apparent͒ surface area. The presence of the PVDF and carbon sites of the composite cathode also makes it difficult to accurately determine the true active surface area. Due to these reasons, it is customary in EIS studies of Li ion battery electrodes to use the geometric surface area of the electrode ͑without accounting for the roughness factor͒ for a simple order of magnitude estimation of . 22, 50, [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] This latter approach was adapted in the present work, and Fig. 11 shows the results for obtained by using the geometric surface area of the LMO cathode in the CNLS analysis of the experimental Nyquist plots.
At 3.2-3.7 V, is rather large and only weakly voltage dependent, showing low efficiency of Li incorporation in LMO at these voltages. The current of Li + diffusion in LMO increases between 3.9 and 4.0 V ͑Fig. 3͒, and in this region, in Fig. 11 drops by about a factor of 5. A slight increase in is seen again at 4.0-4.2 V, as the intercalation/deintercalation step approaches completion. These trends of are maintained between the charge and discharge cycles, and the graphs shown in Fig. 11B are quite similar to those previously observed for a CSF-free LMO cathode. 59 The first-cycle data for in Fig. 11A maintains the general shapes of the plots seen in Fig. 11B , but the values of the individual data points ͑plotted on the logarithmic scale͒ are different between the two cases. This shows how the CSF reactions affect the measurement of in the first charge/discharge steps. The overall impedance of the intercalation system is dictated by the solid-state diffusion of Li + , that is, by the relatively large values of . R ct , representing a fast charge-transfer process, has rather small values ͑Ͻ1 ⍀ g͒ and, being connected in series with W, has no clearly observable control on the voltage dependence of Z. Consequently, although in Fig. 11 and R ct in Fig.  10D exhibit almost mutually opposite voltage dependencies in the intercalation region, the overall behavior Z in Fig. 8 is dominated by that of ͑that is, low and high within and outside the intercalation region, respectively͒.
As noted in the discussion of Fig. 1 , R LMO should remain undetected in the EIS of LMO cathodes as long as Eq. 10 is satisfied. The impedance parameters determined in Fig. 10 and 11 can be used to explicitly verify the validity of this condition for the present system. An examination of the function B͑͒ indicates that for fixed values of R ct and , B͑͒ reaches its maximum when acquires its minimum value. The bars in Fig. 12 show these maximum values, ͓B͔͑͒ max , of B, evaluated in the intercalation voltage region, using the minimum frequency ͑0.01 Hz͒ of the EIS spectrum. The terms a and b of Eq. 10 are evaluated for this calculation by using the voltage-dependent ͑surface-area-normalized͒ values of R ct and ͑for the second charge cycle͒ from Fig. 10D and 11, respectively. An order of magnitude estimate of R LMO can be obtained by assuming that R LMO ϳ 1/͑l͒, where is the specific conductivity of LMO. Using l Ϸ 6 m ͑from the SEM data of Fig. 2͒ and the reported 69 room temperature value of for LMO, 10 −4 ⍀ −1 cm −1 , we estimate R LMO as indicated by the horizontal line in Fig. 12 . B͑͒ in this figure is about 5 orders of magnitude smaller than R LMO at all the voltages explored. Thus, the ac currents activated in EIS are "shunted" through the low impedance R ct -W combination. This explains why R LMO is not found in EIS. R LMO serves as a selective current path only in dc measurements where W becomes a currentblocking element. 71 may have some contributions to these discrepancies, a major factor to be considered in this context is the effective surface area of the electrode used to evaluate D . 72, 73 If the apparent geometric area of the electrode surface is used to calculate D , the uncertainty in the latter is determined by the level of surface porosity/ roughness. The expansion/contraction of the host lattice during intercalation/deintercalation can also introduce E-dependent uncertainties in the estimation of the electrode area. 26 Therefore, while using the apparent electrode area in the calculations, it would be preferable to treat the resulting value of D as an apparent chemical diffusion coefficient, 64 and the observed x ͑or E͒ dependence of D in such cases would only be appropriate within the framework of the specific experimental conditions used. We take this latter approach here to discuss the results for D because, as mentioned in the context of Fig. 11 , our analysis of this parameter is based on the calculation of using the apparent geometric surface area of the electrode.
Chemical diffusion coefficient of Li
Another point to be addressed in this analysis is that different authors report the results for D in different formats, for instance, by plotting D , ͓log͑D ͔͒, or −͓log͑D ͔͒ against E, x, or ͑1 − x͒. These widely varied data formats also make it difficult to compare the different results. To compare our results with those found in certain earlier reports, we choose here four specific formats to examine the voltage dependencies of D . Because ͑dE/dx͒ and measured in the first charge/discharge cycle are affected by the CSF reactions, the evaluation of D using these parameters is only performed here for the second charge/discharge cycles. These results for D , obtained by applying Eq. 8 to the data of Fig. 6B and D and 11B, are shown in Fig. 13 . Figure 13A shows ͓−log͑D ͔͒ as a function of E, where the squares, circles, triangles, and crosses correspond to cell charge at 100 V s −1 , discharge at 100 V s −1 , charge at 10 V s −1 , and discharge at 10 V s −1 , respectively. Both the magnitude and the voltage dependence of the quantity plotted in Fig. 13A are similar to those plotted ͑with open squares͒ in Fig. 9C of Ref. 73 , where EIS was used to study Li + insertion kinetics in a cathode containing LMO particles of average size of ϳ500 nm. As pointed out by Arora et al., 72 the values of D in Fig. 13A could be uncertain within an order of magnitude due to the uncertainties in the estimated surface area of the active cathode. Nevertheless, certain general trends of these plots are noticeable here. The results for the triangles, crosses, and circles are mutually similar ͑as indicated by the solid line͒ in the entire voltage range explored, whereas the plot for the squares coincides with the other three graphs in Fig. 13A only within the intercalation region. These charge-or discharge-sensitive variations in D come mostly from the corresponding variations in ͑dE/dx͒ included in Eq. 8. The values of ͑dE/dx͒ found within the intercalation voltage region vary as much as by 3 orders of magnitude between the two scan rates considered in Fig. 6 . As a result of squaring the term ͑dE/dx͒ in Eq. 8, the value of D depends on v in a rather augmented manner. also tends to vary between charge and discharge, owing primarily to various irreversible sources of capacity fade discussed in the context of Fig. 3 . These variations can also contribute to making the values of D different between charge and discharge steps performed at relatively high rates.
The three sets of data that exhibit a common trend ͑indicated by the solid line in Fig. 3͒ are combined in Fig. 13B in the form of ͓log D ͔. As expected, the general trend of these data points is maintained in the latter case, as shown by the solid line ͑to guide the eye͒ in Fig. 13B . The peak observed at 4.0 V in this figure can also be found at a slightly higher voltage in Fig. 11 of Ref. 62 , where Li + diffusion in pulsed-laser-deposited LMO was investigated. In Fig.  13C , we combine the charge-step data recorded at 100 ͑squares͒ and 10 ͑triangles͒ 100 V s −1 and plot them in the form of ͓log͑D ͔͒ as a function of x. Because the SOC ͑or the SOD͒ is not linear in the voltage, x ͑or 1 − x͒ changes very little at low voltages and only varies noticeably in the intercalation region, as seen in Fig. 3 . The data shown in Fig. 13C correspond to this latter region, where the leftmost and the rightmost data points correspond to E = 3.9 and 4.2 V, respectively. The nearly linear variation in ͓log͑D ͔͒ with x ͑indi-cated by the solid line͒ observed in Fig. 13C is similar to that reported in Fig. 4A of Ref. 74 . The results of Fig. 13C are replotted in Fig. 13D to examine just D as a function of x, where the solid line is included to show the overall trend of the data. This trend of D has also been found in Fig. 6 in the EIS investigation by Yang et al. of a powder LMO microelectrode. 75 The orders of magnitude of D measured by these authors are comparable to those obtained here. Thus, although in a strict sense the results in Fig. 13 are characteristic of the experimental system and the measurement techniques used here, these results are consistent with those of a number of previously reported studies of LMO cathodes. 62, [73] [74] [75] These similarities among the different sets of results could only be revealed by examining the data for D in different formats. Thus, Fig. 13 illustrates how the apparent discrepancies among the different results for D in LMO could be attributed, at least to some extent, to the different ways of plotting this parameter.
Conclusions
The analytical capabilities of SSCV and EIS have been combined in this work to study how a LiBF 4 -based EC/DEC electrolyte affected the Li-intercalation properties of LiMn 2 O 4 . The commonly used formalism of EECs has been extended to describe both the dc and ac response characteristics of the cathode-electrolyte interface. This analysis also helped to explain why the intercalation capacitance C int might not always be detected in EIS experiments. The SSCV and EIS results were compared for two successive cycles where the CSF reactions were active only in the first cycle. EIS, carried out at equilibrium voltages, yielded an EEC subunit representing the presence of a native surface film on the cathode in the entire range ͑0 Յ x Յ 1͒ of charge/discharge states. This film exhibited faradaic reactions during the first charge cycle. The faradaic currents and the polarization resistance of these reactions were determined, and the results were consistent with an oxidative dissolution reaction of the surface film. A tentative reaction ͑Eq. 12͒ of this type has been proposed. The voltage-dependent features of the interfacial impedance elements agreed with the expected effects of this proposed reaction. The voltammetric response of the experimental system deviated from the ideal Nernstian behavior, and the results demonstrated how the cathode-electrolyte reactions could affect the measurement of the solid-state diffusion coefficient of Li + in LMO. The analysis presented here can readily be extended to studies of CSF reactions on other cathode materials.
